The structure of the mean precipitation of the south Asian monsoon is spatially complex. Embedded in a broad precipitation maximum extending eastward from 70°E to the northwest tropical Pacific Ocean are strong local maxima to the west of the Western Ghats mountain range of India, in Cambodia extending into the eastern China Sea, and over the eastern tropical Indian Ocean and the Bay of Bengal (BoB), where the strongest large-scale global maximum in precipitation is located. In general, the maximum precipitation occurs over the oceans and not over the land regions. Distinct temporal variability also exists with time scales ranging from days to decades. Neither the spatial nor temporal variability of the monsoon can be explained simply as the response to the cross-equatorial pressure gradient force between the continental regions of Asia and the oceans of the Southern Hemisphere, as suggested in classical descriptions of the monsoon. Monthly (1979Monthly ( -2005 and daily (1997-present) rainfall estimates from the Global Precipitation Climatology Project (GPCP), 3-hourly (1998-present) rainfall estimates from the Tropical Rainfall Measuring Mission (TRMM) microwave imager (TMI) estimates of sea surface temperature (SST), reanalysis products, and satellite-determined outgoing longwave radiation (OLR) data were used as the basis of a detailed diagnostic study to explore the physical basis of the spatial and temporal nature of monsoon precipitation.
Introduction
A fundamental requirement for agricultural development and water resource management in the south and Southeast Asian region is a better predictive capability of internal and external variability of summer monsoon rainfall on time scales ranging from weeks to several years (e.g., Parthasarathy et al. 1988; Webster et al. 1998; Lal et al. 1999; Gadgil et al. 1999 Gadgil et al. , 2002 . As the Asian summer monsoon is a major component of global climate dynamics, it has the potential of imparting variability on the climates of other components (e.g., Webster and Yang 1992; Webster et al. 1998; Kirtman and Shukla 2000) . Therefore, improvements in the predictability of the monsoon will lead to increased predictability elsewhere. The fundamental hypothesis of this study is that a greater understanding of the physical processes determining the mean seasonal monsoonal precipitation patterns will lead to better predictions and provide milestones for numerical climate modeling.
There is little disagreement on the fundamental mechanism that drives monsoon circulations. Essentially, this is a cross-equatorial pressure gradient formed by the differential heating between the landmasses of the summer hemisphere and the oceans of the winter hemisphere. However, the spatial and temporal variability of monsoon precipitation is far more complicated than that which can be expected from such a slowly varying cross-equatorial pressure gradient. In fact, the processes that produce the specific spatial distribution of even the long-term mean precipitation are not clearly understood. Different processes, phenomena, and geographic features have been suggested as modulators of monsoon precipitation, such as local and regional effects of orography (e.g., Grossman and Garcia 1990; Grossman and Durran 1984; Xie et al. 2006) , propagation characteristics of the monsoon intraseasonal oscillation (MISO) that involve both the ocean and the atmosphere (e.g., Lawrence and Webster 2002; Jiang et al. 2004; Wang et al. 2005) , propagation of biweekly signals from the South China Sea (Annamalai and Slingo 2001) , and land-atmosphere feedback (e.g., Webster 1983 ). All of these features of the monsoon in isolation or in combination appear as possible candidates.
This paper is an attempt to determine the mechanisms responsible for the variability and structure of summer monsoon rainfall on different time scales and regions within Asia. Figure 1 provides a geographical reference for the regions discussed in the text. These regions include the east Indian Ocean (EIO), Bay of Bengal (BoB), central India (CI), Gangetic Plains (GP), Western Ghats (WG), and Cambodia (CMD). These areas were selected based on geography and seasonal average precipitation: BoB, WG, and CMD correspond to regional rainfall maxima associated with the summer monsoon, EIO is a key region in order to understand different features of the MISO, CI is an area over land that is strongly modulated by the MISO, and GP corresponds to a very important geomorphologic and hydrographic unit, vital for the development of India and Bangladesh, whose precipitation is determined by the Southeast Asian monsoon and its variability. Figure 2a shows the spatial distribution of the mean cumulative rainfall from June to September (JJAS) over the period 1979-2004 using the Global Precipitation Climatology Project (GPCP) data discussed in the next section, as well as the mean annual cycle of rainfall over the six regions previously described (Fig. 2b) . It is evident from Fig. 2a that there is a complex spatial pattern of rainfall associated with the Asian monsoon system, with localized precipitation maxima to the west of the WG foothills in India with a total of 850 mm during JJAS, to the east side of the BoB with 1430 mm, and over CMD with 1050 mm. While the overall driving mechanism of the monsoon is the slowly varying crossequatorial pressure gradient force, the rainfall is strongly regional with maxima occurring over the ocean regions and neither over the Asian continent nor the Indian subcontinent as initially noted by Grossman and Garcia (1990) . In fact, the BoB possesses the largest global maximum of boreal summer rainfall on the planet. It is interesting to note that total summer precipitation drops almost linearly between the Bay of Bengal (Ͼ1200 mm), across central India (800 mm), and into Pakistan (200-300 mm).
The rainfall maximum over the EIO (860 mm) does not have a monsoonlike annual cycle and is relatively constant throughout the year (Fig. 2b) . However, it has been shown to be intimately related to monsoonal intraseasonal variability (e.g., Webster et al. 1998; Lawrence and Webster 2002) . In contrast to the nearequatorial precipitation, summer rainfall farther north and east over the Bay of Bengal and Southeast Asian countries commences in May. Over most of continental India, however, rainfall starts later during June (Fig.  2b) . In fact, a number of studies consider the EIO as the source region of monsoon intraseasonal variability that possesses the largest amplitude of all monsoon precipi- tation variations (e.g., Webster et al. 1998; Lawrence and Webster 2002; Waliser et al. 2003a,b) producing active and break periods of the south Asian monsoon on 25-80-day time scales. In the BoB, precipitation occurs as a maximum parallel to the Burma mountains (Fig. 2a) as noted by Grossman and Garcia (1990) and Xie et al. (2006) . But what are the main processes that determine the rainfall maximum? Is the maximum produced by the mean onshore flow from the basic southwesterlies of the monsoon producing rainfall through orographic uplift? Does the freshness and warmth of the bay itself play any role so that if there were no Burmese Mountains there would still be a regional precipitation maximum? Furthermore, for whatever reason there is a maximum in the BoB, what time scales of motion contribute to its existence? Zuidema (2003) , Grossman and Garcia (1990) , and Xie et al. (2006) examined this question but the first study considered only two summers while the latter two used monthly data. Thus it is difficult to determine the relative role of intraseasonal variability or synoptic events, for example, in producing the maximum. Indian monsoon rainfall precipitation has proven to be very difficult to model, which is evident from the results of the Atmospheric Model Intercomparison project as summarized by Gadgil and Sanjani (1998) and Sperber and Palmer (1996) . In fact, simulation of mean monsoon precipitation in general has been elusive in models. It is important to determine whether or not these failures result because of the poor represen- tation of orography, for example, or the general absence in many numerical models of specific phenomena such as intraseasonal variability.
The complexity of the summer monsoon rainfall is not restricted to spatial patterns but also to its variation in time. The monsoon possesses a strong temporal variability ranging from the diurnal, to the synoptic and intraseasonal, and then to interannual time scales. In fact, this complicated structure extends to the relationship between interannual variability of each of the monsoon regions we consider. These interregional correlations are summarized in Table 1 for the period . It is important to note that scatterplots (not shown here) do not show the presence of extreme outliers modifying the correlations artificially. The complexity may be seen by comparing the interannual correlations between the BoB, CI, and GP, which we may expect to be highly correlated. The JJAS seasonal rainfall correlation between the BoB and the GP is 0.37, which is higher and of the opposite sign to that between the BoB and CI (Ϫ0.32). The reason for this dissimilarity in magnitude and sign between the correlations is unclear. Furthermore, why is the correlation between the BoB and CMD larger than between the BoB and the GP? Why is the precipitation in EIO so poorly correlated with all of the monsoon regions? The AllIndia Rainfall Index (AIRI; Parthasarathy et al. 1987) correlates well with CI, moderately with GP and WG, but very weakly with BoB. Are the relative weaknesses of the correlations or even their absence between regions indicating that other higher-frequency variability links different parts of the monsoon?
The questions raised above will be addressed in the following diagnostic study. Section 2 describes the datasets used in the study. Section 3 provides an overview of precipitation in south Asia. Sections 4 and 5 describe further analysis and present results of the analysis. Section 6 offers some conclusions.
Data
A number of different datasets are used in the study. These are described briefly below.
a. GPCP products
Monthly and daily rainfall products of the global merged precipitation analysis (GPCP; Huffman et al. 1997 Huffman et al. , 2001 Adler et al. 2003 ) are used to study the temporal and spatial rainfall variability of the Southeast Asian monsoon. The monthly precipitation dataset covers a 26-yr period from January 1979 to the present and the daily dataset extends from 1997 to the present. This dataset is available online (see www.gewex.org/gpcp. html).
b. TRMM precipitation product
The 3-hourly Tropical Rainfall Measuring Mission (TRMM product 3B42; Adler et al. 2000) data are used to describe the rainfall patterns within the wet and dry spells associated with monsoon intraseasonal variability. The spatial resolution of this dataset is 0.25°with data from January 1998 to the present. All TRMM datasets are distributed by the Goddard Distributed Active Archive Center (see online at lake.nascom.nasa. gov/data/dataset/TRMM/). The 3-hourly TRMM data are an optimal combination of different high-quality microwave products to adjust infrared estimates from high-frequency geostationary observations (see online at http://trmm.gsfc.nasa.gov/3b42.html). Therefore, the dataset does not have aliasing issues arising from satellite sampling issues and it provides a reasonably good idea of the convective activity within the day. TRMM precipitation radar data (product 2A25) are also used to provide details of the vertical structure of rainfall in one of the cases studied.
c. NCEP-NCAR reanalysis, OLR, and SST
We use daily zonal and meridional wind components obtained from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis product (Kalnay et al. 1996) , archived on a 2.5°grid, to find the relationship between rainfall distributions and monsoon dynamics. Outgoing longwave radiation (OLR) data from the Climate Diagnostics Center (CDC) interpolated dataset (Liebmann and Smith 1996) are also utilized in addition to the 3-day average 0.25°gridded TRMM microwave imager (TMI) SST data (Wentz 1997) . TMI has the advantage over IR data of being able to measure SST in the presence of nonprecipitating clouds (Wentz and Schabel 2000) . Reanalysis and OLR data were pro- vided by the Climate Diagnostics Center (see online at www.cdc.noaa.gov). Quick Scatterometer (QuikSCAT) and TMI data are available from the Remote Sensing Systems servers (see online at www.remss.com).
Overview of summer monsoon precipitation
Even though the amplitudes of the rainfall maxima shown in Fig. 2a change from year to year, they remain persistent climatological features. However, as suggested by the correlations shown in Table 1 , the respective changes in seasonal rainfall from year to year for the different regions do not appear to be interrelated, suggesting strong internal variability in the monsoon system, possibly associated with intraseasonal activity. Different authors have previously pointed out that a proportion of the interannual modulation of the monsoon rainfall is found to be essentially independent of influences external to the Indian Ocean (e.g., Torrence and Webster 1999; Kumar et al. 1999) . Large amplitude and large-scale interannual variability is evident in the rainfall anomalies for each JJAS period between 1997 and 2004, relative to the long-term mean (figure not shown). Most often anomalies of different signs lie across different parts of south and Southeast Asia. Over India, the spatial complexity of the patterns calls into question, once again, the usefulness of using the AIRI as a measure of Indian monsoon rainfall variability. Only in 2002 is all of India dominated by an anomaly of the same sign. The identification of highamplitude internal monsoon variability is very important, as it may obscure signals of the interaction between the monsoon system and other major phenomena of the global climate, such as the ENSO system. Spectral analysis of daily time series of rainfall reveals the importance of the intraseasonal variability present in monsoon rainfall. Figures 3a,b show the average wavelet spectra for the rainfall and OLR over the six regions obtained using techniques described by Torrence and Compo (1998) . The solid line shows the average spectra and the shaded region encloses Ϯ1 standard deviation. Since the wavelet analysis provides time and frequency localization of the distribution of the variance (power), it is possible to obtain a different average spectrum for every year (7 for GPCP rainfall, 26 for OLR). The mean average spectrum and the standard deviation of the spectrum are defined as the mean and the standard deviation of the power in all the yearly spectra for every period analyzed, respectively. The standard deviation is an indication of the variability of the periods in time as well as their change of amplitude. In general, rainfall in all regions shows high variability within a season on time scales ranging from about 7 to 60 days. Over EIO, the amplitude of the intraseasonal activity appears even stronger than the annual cycle, with a marked spectral peak at 30 days and a secondary peak around 15 days. This intraseasonal activity over the Indian Ocean is not an exclusive property of the summer season. In fact, variability in the intraseasonal band is usually stronger during winter (e.g., Salby and Hendon 1994) . But, over most of the other regions considered, high intraseasonal activity is confined to the summer, with magnitude and periods that fluctuate notably from year to year as is evident in the average wavelet spectra and the magnitude of the deviation around the average. The intraseasonal activity during the wet phase of the Southeast Asian monsoon season is a well recognized feature since the work of Murakami (1976) , Yasunari (1979) , and Sikka and Gadgil (1980) , who found intraseasonal variability associated with northward propagation of a zone of maximum cloudiness over the Indian Ocean. Since then, several studies (e.g., Cadet 1983; Krishnamurti and Subrahmanyam 1982; Knutson and Weickmann 1987; Hartmann and Michelsen 1989; Sengupta and Ravichandran 2001; Annamalai and Slingo 2001; Lawrence and Webster 2002) have reported the existence of intraseasonal spectral peaks in time series of precipitation, pressure, wind, OLR, and SST, as well as a tendency for northward propagation of the intraseasonal anomalies over the Indian Ocean.
From the summer average wavelet spectra, it is possible to identify some important aspects related to variability of rainfall within a wet summer season. For the BoB, in addition to the spectral peak corresponding to the annual cycle, there are two distinctive peaks at 10 and 30 days. A strong annual cycle peak is common to all regions except for the EIO. For CI, there are im- FIG. 3. (Continued) portant spectral peaks at 6, 13, and 25 days, indicating significant variability differences with the BoB region.
While the wavelet spectrum of rainfall over the GP also shows intraseasonal 25-80-day variance during some years, it is not large enough to appear as a peak in the average spectrum. There is, however, a broad spectral peak between 4 and 9 days. The absence of a significant peak in the intraseasonal band poses a conundrum. Since the JJAS rainfall correlation is higher between the BoB and the GP than between the BoB and CI, why are the spectral characteristics of the variability closer between the BoB and CI?
For the WG, the average spectrum shows a broad peak between 5 and 50 days, indicating a more complicated temporal structure of the rainfall, perhaps due to the interaction between the combined effect of the large-scale monsoon intraseasonal variability and orography. Over CMD, the most distinctive peak after the annual cycle is located near 6 days (probably associated with propagating easterly waves from the Pacific Ocean) and a secondary peak around 45 days.
Intraseasonal variability during summer
The monsoon intraseasonal oscillation is the dominant large-scale feature of the monsoon (see review by Webster et al. 1998) , which in general develops over the equatorial Indian Ocean and propagates eastward along the equator to the eastern reaches of the ocean (Yasunari 1979 (Yasunari , 1981 Sikka and Gadgil 1980; Lawrence and Webster 2002; Webster and Hoyos 2004; Jiang et al. 2004) . What local features modulate the intraseasonal monsoon rainfall signal so as to produce average spectra that are different in each region? Quite possibly the differences may depend on the specifics of the nature of the northward propagation, differences between individual oscillations, the different nature of the ocean-atmosphere in specific locations, and landatmosphere feedbacks. In some manner, these processes aggregate to cause interannual variability of the intraseasonal mode. Figure 4 shows the mean amplitude of the JJAS intraseasonal 25-80-day rainfall variance for each year from 1997 to 2004 as well as for all the years (multiannual). The mean amplitude in a spectral band is defined as the standard deviation of the filtered variable in the band, or alternatively, as the square root of the variance contained in the selected time span and spectral band. Areas of maximum intraseasonal activity vary strongly in magnitude and location from year to year, with the most recurrent feature being the high intraseasonal variability over the EIO and the BoB. Figure 5 shows the cumulative intraseasonal rainfall for JJAS, obtained by simply adding the bandpassed rainfall time series for each day from 1 June to 30 September at every individual grid cell highlighting the locations where prolonged active and break phases of the monsoon occur. In essence, the distribution of positive and negative anomalies of rainfall associated with cumulative MISO activity can be regarded as the most important internal characteristic of interannual monsoon variability given its basinwide influence as well as the relative magnitude of the intraseasonal peak compared to variability at other time scales. Here we define internal variability as variability that does not arise through remote teleconnections with other phenomena, but rather from instabilities within the system. Among other sources of internal variability that could potentially introduce interannual monsoon anomalies are the variability at shorter time scales (e.g., 4-20-day variability) and the Indian Ocean Dipole (IOD; Saji et al. 1999; Webster et al. 1999) . It is possible that the overall MISO activity during a season is partly modulated by long-term changes in the background state of the Indian Ocean induced by internal dynamics associated with the IOD, for example, or by external forcing such as ENSO. In the case that the former situation is true, the cumulative MISO would still be representing internally generated interannual variability. In the case of the latter, the cumulative MISO would be a mixture of internally and externally induced variability. In the manner described above and similarly to Palmer (1994) and Webster et al. (1998) , we hypothesize that summer intraseasonal activity, and especially its northward component, may be considered an instability of the monsoon system, which in general is not strongly affected by the changes in the long-term background state of the ocean-atmosphere system outside the Indian Ocean Basin and different teleconnections. The MISO occurs within the envelope of the summer monsoon, without preferred timing, and considerably altering the entire seasonal monsoon circulation. In addition, there exists outside the monsoon region no forcing of a time scale equal to that of the MISO. Little significant statistical relationship has been found between seasonal MJO activity and the ENSO cycle (Hendon et al. 2000; Slingo et al. 1999) , except during extremely large warm events when MJO activity is suppressed. Hendon et al. (2000) suggested that most of the year-to-year variability of the MJO is internally generated independent of any slowly varying boundary forcing. In addition, Lawrence and Webster (2001) found that the summertime Intraseasonal Oscillation (ISO) is relatively uncorrelated with ENSO except for weakly positive correlation at the beginning of the Southeast Asian monsoon season. As a consequence it appears that it is necessary to consider the distribution of the interannual internal variability in order to explain some of the spatial features of JJAS rainfall anomalies. Perhaps the most prominent variation from the average is the 2002 drought over India, which coincides with large amplitude negative anomalies of MISO rainfall over the Indian subcontinent, mainly occasioned by a very strong and prolonged midseason break. It is also important to note that Gadgil et al. (2004) show some evidence that in extreme cases, and in particular during 2002, a composite state of ENSO and the atmospheric component of the IOD suggest unfavorable conditions for the overall summer monsoon. From this point of view, 2002 is a good example of how external and internal forcing at different time scales played a role in determining the seasonal rainfall. Figure 6 shows the variability of the 25-80-day bandpassed daily rainfall plotted against 4-20-day rainfall variance, for all maxima in a 4-20-day variance band and for all regions of the analysis (Fig. 1) . Spectral analysis showed high variability in the 25-80-and 4-20-day bands in the regions of analysis. There are two major points that suggest that the variability in the 4-20-day band is mainly contained in the 25-80-day band, especially in the EIO, BoB, and CI. One is that the 4-20-day variance time series (not shown) presents intraseasonal variability, and the other is that, as observed in Fig. 6 , most of the major peaks in the 4-20-day variance correspond to a maximum or a very high value (above 1 standard deviation) in the 25-80-day bandpassed rainfall. This indicates that rainfall variability in the 4-20-day band is preferentially present during active periods of the monsoon intraseasonal oscillation. Similarly, most of the monsoon subsynoptic variability appears to be contained within the intraseasonal envelope of convection. Figure 7a shows the average wavelet spectrum of the 3-hourly TRMM rainfall over the BoB, illustrating in addition to the variability in the 4-20-and 25-80-day bands that there is a very strong diurnal cycle of precipitation. The amplitude of the diurnal cycle is modulated by the envelope of convection in the 4-20-and 25-80-day bands, with greater amplitude during the peak of the intraseasonal event (see Fig. 7b ). Similarly, Goswami et al. (2003) showed that the genesis of the monsoon low pressure systems, with a typical time scale of 3-5 days, is strongly modulated by the MISO, being 3 times as likely in the active phase than during the suppressed phase.
Composite analysis of summer intraseasonal variability
The relatively regular behavior of the summer MISO (e.g., Webster et al. 1998; Lawrence and Webster 2002; Waliser et al. 2003a,b) has been used greatly in forecasting the discharge of the Ganges and Brahmaputra Rivers and regional rainfall over India (e.g., Goswami and Xavier 2003; Webster and Hoyos 2004) . To study in detail the structure of the MISO over the Indian Ocean and Southeast Asia, the dates of maximum rainfall associated with intraseasonal activity (25-80-day bandpassed data) with magnitudes greater than 1 standard deviation in the band were selected for the regions shown in Fig. 1 . The composite evolution of several fields was studied. It was found that SST, surface pressure, lower-tropospheric winds, and rainfall itself (or OLR) emerge as the most coherent fields to explain the fundamental features of the intraseasonal activity.
For the BoB, a total of 24 cases were selected in the level pressure (SLP), and SST, respectively, from suppressed to suppressed conditions over the BoB. The canonical structure corresponds to an intraseasonal event that starts as a convective anomaly in the equatorial Indian Ocean, followed by an eastward propagation that bifurcates with southward-and northwardpropagating branches, usually off the west coast of Sumatra, introducing positive anomalies of precipitation over the BoB. The event develops (around day Ϫ20) over warm surface waters and low pressure at the equator. Around the same time, the BoB is under break (dry and suppressed) conditions associated with the previous MISO and high surface pressure with a corresponding anticyclonic circulation driving the air to the southwest over the bay away (perpendicularly) from the Burma mountains. The high pressure system is also seen in the Arabian Sea and India. These cloud-free conditions favor SST increases over the BoB and are integral parts of the MISO cycle (e.g., Stephens et al. 2004; Wang et al. 2005; Agudelo et al. 2006 ). The equatorial low-level surface pressure and associated convection propagates to the east, accompanied by surface cooling from freshening winds and increased surface evaporation. By the time the anomaly reaches the west coast of Sumatra (day Ϫ10), the waters at the north of the bay have warmed under the prior anticyclonic conditions, inducing the northward propagation of the surface low pressure from the equator, introducing positive anomalies of rainfall. The flow over the eastern side of the BoB is now parallel to the Burma mountains. As the MISO evolves, the surface low pressure center is located over India (day 0), driving moist air toward the eastern side of the bay and the Burma mountains (see Fig. 1 ) where orographic lifting enhances precipitation, resulting in the precipitation maximum aligned parallel to the mountain range (Fig.  2) . By day ϩ5, reductions in insolation and the freshening of winds cool the surface waters of the BoB, acting as a negative feedback on MISO convection. At about the same time, the following break phase starts to develop in the equatorial Indian Ocean induced largely by the subsidence of air and subsequent SST warming caused by convection farther north (Wang et al. 2005 ). The observed lags in convection in the composite pattern are corroborated by the estimation of wavelet coherency and phase lag between daily BoB and EIO rainfall (e.g., Torrence and Webster 1999) . On average during the summers from 1997 to 2004, the mutual coherence in the intraseasonal 25-80-day band is 0.55 and their phase difference is about 120°(ϳ15 days in this time scale), leading the rainfall over the EIO.
If we define an active phase as the time intervals where the rainfall anomalies in the 25-80-day band are positive on average in the period 1997-2004, 70% of the summer BoB precipitation falls during these active phases. In addition, if we consider the changes in the wind speed relative to the seasonal mean speed toward the Burma mountains (10 m s Ϫ1 ), we find that on average MISO amplitude is about 6 m s
Ϫ1
. That is, during an active period the wind speed is ϳ13 m s Ϫ1 and during a break the speed is ϳ7 m s
, corresponding to an increment of about 85% from break to active conditions. In addition, composites of unfiltered 925-mb winds relative to maximum MISO rainfall over the BoB (not shown) also reveal clearly the change of magnitude of the winds over the BoB. The combination of the northward propagation of the MISO with the considerable enhancement of the winds results in the observed maximum parallel to the mountains.
b. Variability within the BoB canonical MISO
Earlier, it was noted in Figs. 6 and 7 that the intraseasonal rainfall band contains higher frequency activity. We now consider this containment in greater detail.
Composite analysis of 64 intense precipitation events in the 4-20-day band (not shown) confirms that the higher-frequency events develop in situ mainly over the northern part of the BoB with no significant propagation and that about 75% of these events developed during MISO active conditions. Figure 9 displays the spatial distribution of the mean amplitude of the summer (JJAS) 4-20-day rainfall variability. The features are remarkably similar to the multiannual structure of intraseasonal variance shown in Fig. 4 . This resemblance provides further evidence of the simultaneous coexistence of both modes of rainfall variability. Fig.  7) . and Zuidema (2003) found similar propagating diurnal systems during the active phase by studying brightness temperature data during the Joint Air-Sea Monsoon Interaction Experiment (JASMINE) experiment (April-July 1999) and from Indian National Satellite (INSAT; summer 1998), as well as Meteosat-5 (summer 1999), respectively. The convection generally begins around midnight with decay around noon farther south (Zuidema 2003) . According to , these southwardpropagating convective bands significantly perturb the surface fluxes and occasionally propagate into the Southern Hemisphere, redeveloping on the second night. The longer period of data considered in this work allow us to conclude that such southward-propagating storms are a robust feature of the active phases of the MISO over the BoB.
c. In situ and orographically driven convection over the BoB
In addition to the northward-propagating MISO, there is a class of disturbances that forms in situ in the BoB. These are very similar to the canonical type of intraseasonal variability but without the observed propagation either along the equator or poleward from the equator to the northern BoB, in contrast to the canonical form (Figs. 7-9 ). Rather, a dipolelike system is observed with positive anomalies of rainfall over the EIO and suppressed conditions over the BoB around day Ϫ20 and the reversed conditions at day 0. In this case, warm surface waters in the BoB induce convection, eroding the high sea level pressure established during the suppressed phase and allowing the formation of the low pressure system.
In the intraseasonal band, there is a sequence of low and high pressure systems associated with active and break phases, respectively. Under special conditions of stability and atmospheric moisture over the BoB, and a correct location of the high pressure system, orographically uplift-producing rainfall is possible. Specifically, a high pressure system situated to the south of the BoB generates an anticyclonic circulation that drives the air toward the Burma mountain range, where the air is mechanically lifted, setting up the conditions for rainfall over the bay. Figure 11 shows the evolution of the 25-80-day bandpassed rainfall, SLP, and 925-hPa winds for a case where rainfall was orographically induced. Day 0 corresponds to 17 June 2003. Given the fact that only four of these cases were identified in the period 1997-2004, it is better to show a particular case than the composite structure based on a few cases. The figure clearly shows break conditions over the BoB around day Ϫ20, with negative anomalies of rainfall and positive anomalies of SLP. At day Ϫ15, the high pressure center is located in the southern part of the BoB around 8°-10°N, establishing that an anticyclonic circulation produces flow toward the mountains near the border of Burma and Bangladesh, forcing ascent resulting in rainfall. After day 0 (not shown), the rainfall system propagates northwestward, generating positive rainfall anomalies over GP. Figure 11c shows the horizontal cross section of the raw near-surface rainfall rate (TRMM 2A25-V6 product) and QuikSCAT winds over the BoB during day Ϫ7 (10 June 2003), as well as the vertical distribution of rainfall along the central line of the retrieval. These figures illustrate the direct influence of the topography in the generation of rainfall over the eastern margin of the BoB during large-scale suppressed conditions. While this type of rainfall over the BoB in the intraseasonal band is not as common as the canonical type, it still contributes to the seasonal maximum over the bay.
d. Regional impacts of the canonical MISO
The canonical monsoon intraseasonal oscillation not only affects the rainfall over the BoB, but also over CI, GP, WG, and even CMD. Figure 12 shows composite time-latitude diagrams of 25-80-day bandpassed rainfall, SLP and zonal winds, and SST from day Ϫ25 to day 15 for the selected active MISO events over BoB (16 events), CI (15), GP (10), WG (18), and CMD (12). To study the main differences in the intraseasonal oscillation propagation that affect different regions, the timelatitude diagrams are constructed for different longitude spans, 65°-75°E, 75°-85°E, and 85°-95°E. While the canonical monsoon intraseasonal oscillation is a relatively repeatable large-scale phenomenon, the MISO evolution occurs in such a way that in some cases the maximum convective activity is located over the BoB, while in other cases over CI or other regions. Possibly, small differences in the background state are responsible for these differences in the MISO propagation. The general feature observed in the figures is the northward propagation of the convective envelope, including signals in the precipitation, sea level pressure, zonal winds, and SST fields.
The composite structure based on the activity over the BoB shows positive intraseasonal variability anomalies of SST leading the equatorial development and northward propagation of the enhanced convection. The low pressure anomaly propagates simultaneously with and at approximately the same speed as the rainfall anomalies, while the lower-tropospheric zonal wind anomalies appear to propagate at a slower pace. This is an important observation for the potential prediction of active and break phases of the Southeast Asian monsoon since slower propagation directly implies more 
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memory in the dynamical system and hence higher predictability. For the BoB composites, the propagation of sea level pressure and wind anomalies is strong in all longitude bands in the Indian Ocean (65°-75°E, 75°-85°E, and 85°-95°E) and is representative of the largescale dynamical features of the MISO. However, these anomalies are weak over Sumatra (95°-105°E; not shown), where the convective signal fades. On the other hand, the strongest convective signal is largely confined to the 85°-95°E longitudinal band. Northward propagation of convection is also observed in the other longitudinal bands but with much weaker amplitude. A similar structure is observed in the SST fields, where the signal over 85°-95°E is much stronger than over 65°-75°E. The composites for CI show a very similar structure of SLP and lower-troposphere zonal winds to the BoB and more homogeneous convective activity and SST signals over the Indian Ocean. For the GP, the 75°-85°E time-latitude diagram shows that the convective anomaly penetrates farther north than the average canonical MISO events. In this case, the SST diagrams show a much slower propagation of the MISO-related anomalies.
For the WG composites, the sea level pressure, zonal wind, and precipitation anomalies are strong on the west side of the Indian Ocean, suggesting an earlier northward propagation and precipitation compared to the canonical MISO over the BoB. The SST diagrams in this case show similar features in the west and east sides of the Indian Ocean. The composites for Cambodia show, in general, a much weaker propagating signal in all variables, in part because the convective signal tends to bifurcate before reaching Sumatra and to weaken farther east.
Interregional correlations in the intraseasonal band also confirm some of the propagation features observed in the composites. The correlation between EIO and BoB summer filtered rainfall (0.6) confirms that rainfall over the EIO leads rainfall over the BoB by approximately 16 days (lag of maximum correlation). In a similar manner, the correlation (0.32 and 0.43) indicates that rainfall over the EIO leads CMD and CI by about 17 and 8 days, respectively. The correlation suggests that most of the convective events that bifurcate in the EIO reach the BoB but not CMD. In addition, in occasions when the bifurcation takes place in EIO, convective anomalies have already started their northward propagation over the central Indian Ocean, explaining the lower lead time between EIO and CI than between EIO and BoB. BoB and WG are poorly correlated (0.23) with a lead time of 3 days for WG, suggesting that they are rarely affected by the same event. Rainfall over CI leads for about 7 days the anomalies at BoB (0.46) and the GP for about 2 days with a very high correlation (0.72), and BoB rainfall leads GP for about 4 days (0.51). The high correlation between CI and GP indicates that most of the intraseasonal events that reach CI also reach GP but generate considerably less anomalies. Events that reach the BoB on occasion reach the GP or establish the intraseasonal envelope for the westward propagation of anomalies in the 4-20-day band.
e. Other noncanonical MISOs
In addition to the positive anomalies of rainfall introduced by the canonical MISO, localized anomalies also need to be considered in the GP, CI, and over the BoB. In general, when positive rainfall anomalies grow over these regions, suppressed conditions are established over the equatorial Indian Ocean in a dipolelike structure.
Over CMD, besides the canonical MISO, 25-80-day activity also grows to the northeast of Indonesia and propagates westward, modulating rainfall over CMD and surrounding countries. The westward-propagating high pressure system generates an anticyclonic circulation to the east of Vietnam. In the longitude-time diagrams, this circulation appears as an easterly anomaly since the zonal winds are averaged over the southern half of the high. The inverse situation is observed with the propagation of the surface low. In this case, positive, nonpropagating anomalies of SST lead the development of the instability and the subsequent propagation.
f. The 4-20-day variability
On the 4-20-day time scale, the variability over the northeast BoB and WG develops predominantly in an in situ fashion. Figure 13 shows a composite structure from 51 events over CI. The figure displays a coherent westward propagation of positive convective anomalies and corresponding low pressure systems toward CI from the Gulf of Thailand and the South China Sea, affecting rainfall in the south and central BoB. These results are in agreement with the findings of Annamalai and Slingo (2001) and Krishnamurti and Ardanuy (1980) . In some of the strongest cases in the composite set, the anomalies reach the Arabian Sea. The SST composite evolution suggests relatively small positive SST anomalies over the BoB leading the propagation of the convective system. The magnitude of the SST variability in this band is smaller than the amplitude in the 25-80-day band, suggesting a weaker ocean-atmosphere coupling/interaction in the 4-20-day band. The 51 CI events were reclassified as occurring during active or break MISO periods to evaluate possible differ- ences. In total, 31 events coincide with an active phase and 19 with a suppressed phase, confirming the fact that higher-frequency variability occurs within the MISO envelope. The reclassified composite structure does not show any significant differences in the westward propagation. Figure 14 shows the composite structure for the 55 CMD cases, with a developing instability to the east of the Philippines that subsequently propagates to the west, generating copious rainfall over CMD and surrounding countries. These events also tend to reach the south of the BoB and, in some cases, the Indian subcontinent. When the instability is in its initial stages, the South China Sea possesses positive anomalies of SST that lead the westward propagation. In a similar manner to the CI case, the magnitude of the anomalies is relatively small. Overall, variability in the 4-20-day band over CMD shows a similar structure to that previously explained for the 25-80-day time scale.
Conclusions
A variety of data sources were used to study the contribution of rainfall variability over a range of time scales to the long-term mean seasonal summer (JJAS) monsoon rainfall (Fig. 2a) . The role of the MISO in generating internal interannual variability of the monsoon system was also studied.
It was shown that both the amplitude and the distribution of the cumulative MISO-related rainfall strongly vary from year to year, constituting one of the most important sources of internal monsoon interannual variability. To a large degree, this internal variability is required to explain many important features of the seasonal rainfall distribution. In addition, the low values of the interregional correlation of rainfall within the monsoon system (Table 1 ) suggest large internal monsoon variability. Collectively, these factors introduce a scientific challenge for all teleconnection studies. To evaluate the effect and/or mutual influence among the monsoon and different external forcing phenomena (e.g., ENSO), it is necessary to design and evaluate tools that separate internal from external interannual variability. Statistically, it is difficult to separate internal and external sources of interannual variability from datasets because of the relatively short high-resolution and spatially distributed data available; however, ensemble model experiments could be used for that purpose (e.g., Quan et al. 2004) .
To obtain a better understanding of the nature of the intraseasonal activity over the Southeast Asian monsoon region and its effect on the distribution of rainfall, a detailed composite analysis was undertaken based on strong MISO events over six key regions for the monsoon. Emerging from the composite analysis is the most coherent temporal and spatial structure of the MISO instability. The structure was referred to as the canonical MISO and is shown schematically in Figs. 15a,b . This mode starts in the equatorial Indian Ocean following warmer than average surface waters. Anomalies then generally propagate eastward to the EIO where they bifurcate, generating sequential active and break periods over all the regions considered, even as far east as CMD. The northward propagation of the convective anomalies, accompanied by a low pressure system, lags the propagation of the SST anomalies. The variability within the convective MISO envelope, especially over the BoB, shows individual southward-propagating storms with life spans less than a day (Fig. 10) .
It was noted that large-scale ocean-land temperature gradients cannot explain the mean seasonal precipitation patterns and are especially unrelated to the BoB precipitation maximum. However, the strongest canonical MISO signal occurs over the BoB, following the bifurcation of the near-equatorial convective anomalies to the west of Sumatra. After the northward propagation of the low pressure system, the center of the latter is positioned over India, generating cyclonic circulation that tends to drive moist air toward the Burma mountain range, which possesses an average elevation of about 1800 m. Upstream effects of mountain ranges considerably enhance rainfall over the ocean in the northeast corner of the Bay of Bengal, explaining much of the observed seasonal maximum parallel to the mountains. The mountains of Burma do not seem to play a defining role in the MISO evolution itself, nor in the northward propagations, but it would seem that they directly influence the cumulative MISO-associated rainfall and, hence, the magnitude of the observed seasonal rainfall.
Other studies (Grossman and Durran 1984; Grossman and Garcia 1990; Xie et al. 2006) have noted the importance of orographic features in the spatial organization of the monsoon rainfall. However, where this study differs in particular is that it considers the interaction of orography with a variety of circulation patterns of different time scales. Xie et al. (2006) , for example, used monthly precipitation and excluded by this choice important intraseasonal time scales. In this work, we specifically identified the interaction of the MISO during both active and suppressed conditions with orography in order to recognize the specific cause of precipitation over the Bay of Bengal.
The determination of the important role of the interaction between the MISO and orography is an important result since it suggests that in order for the climate models to reproduce the observed seasonal monsoon rainfall structure, they need to simulate better the intraseasonal activity observed and also be able to include the important effects of tall narrow mountains.
The study identified why there is regional precipitation occurring from time to time over the bay during break conditions over northern India. This occurs when a high pressure system is located in the south of the bay, inducing an anticyclonic circulation that drives moist air toward the mountains near the Bangladesh-Burma border. This sequence is described schematically in Figs. 16a,b . Under the proper conditions of atmospheric stability and moisture, orographically induced rainfall develops, augmenting the seasonal rainfall parallel to the mountains.
In addition to the canonical MISO, in situ activity can develop over CI, the GP, and the BoB. Over CMD, westward-propagating disturbances developing to the east of the Philippines also generate rainfall both in the 25-80-and 4-20-day bands. The main difference in these 2 cases is that in the 25-80-day band, the SST variability is higher, suggesting stronger ocean-atmosphere coupling in this band compared to the 4-20-day band. Over CI, activity on the 4-20-day time scale also comes from the east with propagating disturbances generated over the Gulf of Thailand and South China Sea.
It is quite possible that due to the sensitivity of models to initial conditions and the nonlinear nature of a MISO event, models will not be able to forecast more than one MISO event ahead of time. As a consequence, FIG. 16 . Same as in Fig. 15 but for the orographic development of rainfall during break conditions. The figure describes the (a) origin and (b) propagation of the suppressed phase. the full MISO activity during the summer season cannot be completely anticipated. However, because of the regular and coherent nature of the MISO, in order to estimate better the spatial structure of the seasonal rainfall, a summary of the statistical nature of intraseasonal activity prior to the summer season may help. Such a statistical quantification of the MISO would have to come from a model that is able to sustain intraseasonal variance with a magnitude similar to that observed. Wang and LinHo (2002) reached a similar conclusion when studying the features of the rainy season of the entire Asian-Pacific domain, noting that "an adequate description of the spatial-temporal structure of the mean Asian-Pacific monsoon rainy season should take the intrinsic subseasonal components into account."
This study of the subseasonal rainfall variability has provided some key aspects that help in understanding the processes that determine the seasonal distribution of summer monsoon rainfall. Much work is still required to understand the role of the background state on individual intraseasonal event propagation. While the large-scale dynamical features of a MISO appear to be very robust, the background state may affect rainfall in one region and not the others. Collectively, a deeper understanding is needed for both empirical forecasting of monsoon rainfall and for determining model standards for numerical prediction.
